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Abstract

An overview of the design parameters of the compact, high gradient, high luminosity

X-band (8.568 GHz) photoinjectorfacility currentlybeing developed as a collaborative

effort between LLNL and UC Davis, is followed by a more detaileddescription of each

of its major subsystems: X-band rf gun, GHz repetitionrate synchronouslymodelocked

AIGaAs quantum well laser oscillator,and 8-pass Ti:Alz03chirpedpulse laser amplifier.

The photoinjectoruses a high quantum efficiency(-5%) CszTe photocathode, and will

be capable of producinghigh charge (> 1 nC), relativistic(5 MeV), ultrashort (< 1 ps)

electron bunches at 2.142 GHz repetition rate in burst mode (100 photoelectron

bunches). Design studies indicatethat a normalizedmm transvemeem”tiance~ = 0.75

n mm-mrad is possibleat 0.1 nC charge, while 2.5 n mm-mrad canbe obtained at 1 nC.

A complete status reportof our progressin the development and implementationof the

design discussedherein is then given, togetherMM initialexperimentaldata concerning

the performanceof the 15 MW SIJK X-band klystronampliiir. Fina!ly,the phase noise

and jiier characteristicsof the laser and rf systems of the h~h gradient X-band

photoinjectorhave been measured experimentally.In this case, the laser oscillatoris a

self-modelockedTtianium:Sapphiresystem operatingat the 108th subharmonic of the

rf gun. The X-band signal is produced from the laser by a phase-locked dielectric

resonanceoscillator,and amplifiedby a pulsed lWT. A compakon between the TVW

phase noise and the fields excited in the rf gun demonstratesthe filteringeffect of the



high Q cavity resonant structure,thus indicatingthat the rf gun can be used as a master

oscillator,and could be energized by either a magnetronor a cross-fieldamplifier.



L Introduction

One of the central problems of classicaland quantum electrodynamicsis the radiation

of coherent electromagnetic waves by an accelerated charge [1-7j. In particular, the

radiationcharacteristicsof a high charge, low emittanceelectronbunch produced by an

rf photocathode Iinac, propagating on fixed trajectoriesthrough a helically polarized

wiggler, are exceptional in terms of bandwidth,tunability,inherence, and power levels,

and have a wide range of potential applications. This type of radiative process is

currently under investigation by a number of groups worldwide [8-1O]. Preliminary

experimental results have been reported [11,12] and are very encouraging for future

applications, which range from surface and solid state physics [13,14] and

millimeter-waveand far infrared(FIR) photophysicsand photochemistry[15]to the next

generation of ultra wideband radars [16]. Other closelyrelated experimentshave been

reported recently [17,18], where coherent radiationis emitted in a slow wave structure

by a train of photoelectron bunches. Both the above-mentionedexperimental results

and the presentdevelopment are also relevantto the developmentof a rf source for the

proposed 0.5-1 TeV Next Linear Collider (NLC) [19] or as a drive beam for the CERN

LinearCollider(CLIC) [20].

As our theoretical progress in the understandingof the coherentsynchrotronsradiation

process is well documented in references [1-3], the focus of the present Report is the

designand development of the high luminosityphotoinjectorwhichwill be used to drive

high-power, chirped-pulse free-electron laser (FEL) experiments. The experimental

research described in this Repoti encompasses numerous key technological

developmentareas: ultrashortpulse lasers, includingchirpedpulseamplification(CPA)

[21,22] and synchronouslymodelockedAIGaAs lasers [23-29] ; advanced electrooptic

materials (subpicosecond, high quantum efficiency photocathodes and multiple
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quantum well structures) ; high gradient rf structuresand phaselockingof a klystronto

an ultrashortpulse laser w“fih a few tens of femtoseoonds.The potential applications

resultingfrom this type of researohencompass an even wider area: FIR and mm-wave

photophysics,FIR and mm-wave photochemistry,surface physics,solid-state physics,

plasma diagnostics,biophysics,radars and communications.Specificapplications,such

as a high luminosityinjeotor for advanced accelerators,are also possibleand ad”vely

explored.

[n additiin, we also note here that the means of synchronizinga second tunab[e laser

by usinga photocathode-Iectron laser (FEL) is of paramountimportancefor use in

pump-probe experiments as well as a means for selecting single picosecond pulses

from the FEL [30]. This exceptionalcapabilityof the photoinjectormakes it a unique tool

for eleotron-photon interati”on experiments, including ponderomotive, Kap”ti-Dirac

and nonlinearCompton scattering, laser/ FEL pump-probeexperiments(femtosecond

synchronization)and surface science(picosecondpump-probenonlinearmixing).

The design parameters of a photoinjeotordriven chirped pulse free-electron maser

(FEM) experiment have also been studied, within the framework of the theoretical

model developed in references [1-3]. The eleotron bunch is produced by a high

quantumefficiency(-5%) Cs2Te (Cesium Telluride) photooathodeirradiatedby a 250 fs

(HWHM) frequency-quadrupled,synchronouslymodelocked(a few tens of femtosecond

jiier), AIGaAs semiconductor laser oscillator, coupled to a 108 gain, 8-pass Ti-AzO~

(Ti:Sapphire) laser chirped pulse ampliier (CPA), and subsequentlyaccelerated by a

20 MW X-band if Iinac to energies in the 3-5 MeV range. Its charge will be variable

between 0.1 nC and 10 nC, with correspondingpulse durations in the 500 fs-10 ps

range. The bunch will then be propagated through an 8.5 kG, 30 mm period helically

polarized w.ggler f~ld to study the radiation process induced by the transverse
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accelerationof the charge in the interactionregion,and generate huh power (> 2 MVV),

chirped (125-225 GHz bandwidth) pulses of coherent millimeter-wave radiation, as

describedin references [1-3].

This Report is structuredas follows. In Sec. 11,an overviewof the designparametersof

a compact, high luminos”@X-band (8.568 GHz) photoinjectoris followed by a more

detailed descriptionof each of its majorsubsystems: X-band rf gun, GHz repetitionrate

synchronouslymodelockedAIGaAs semiconductorlaser oscillator,and 8-pass Ti:A120~

chirped pulse laser ampliier. In particular, the design of the rf gun and its main

characteristicsare presented, as well as preliminaryexperimental results concerning

the laser system. A brief desm”ptionof the design parameters of a high-power,

chirped-pulse fr=lectron maser experiment, based on the theory described in

references [1-3] is presented in Sec. Ill. In Sec. IV, we present our experimental

measurements of the phase noise and jitter characteristicsof the taserandrfsystems

of the high gradient X-band photoinjector. in this case, the laser osdilator is a

self-modelockedTtinium:Sapphire system operating at the 108th subharmonicof the

rf gun. The X-band signal is produced from the laser by a phase-iocked dielectric

resonanceoscillator,and ampiifiedby a pulsed TVVT.A comparisonbetween the W

phase noise and the fields excited in the ti gun demonstratesthe filteringeffect of the

high Q cavity resonantstructure thUSindidfw that the rf gun =n ~ used as a master

oscillator, and could be energized by e“tier a magnetron or a cross-f~ld amplifier

(CFA). Finaily, conclusionsare drawn in Sec. V.



Il. High Brightness GHz Repetition Rate X-Band Photoinjector

In this section, a brief overview of the high luminosityX-band photoinjectoris followed

by a more detailed description of each of its major subsystems: X-band rf gun, GHz

repetition rate synchronouslymodelocked AIGaAs quantum well laser oscillator, and

6-pass TWI,O, chirpedpulse laser amplifier.

11.1Overview

The main thrustof our photoinjectorresearch is the improvementof the brightnessand

luminosity of a compact, high gradient relativisticelectron source. The luminosity is

enhanced by maintaining a low beam emittance, while dramatically increasing the

repetition rate of the photoinjector by using a fast, high quantum efficiency

photocathode and a medium energy UV laser system operating at an extremely high

repetitionrate (2.142 GHz).

The evolution of the design of our photoinjector has been driven by four key

technologicaladvances : the development of state-of-the-art, >20 MM/ X-band SIAC

klystrons ; the introduction of Cs2Te as a high quantum effiaency (-5%), fast

(subpicosecond response time) photocathode material at LANL and CERN ; the

development of uftralowjitter (< 400 fs rms, as measured over an interval of 700 s),

GHz repetitionrate, synchronouslymodelockedAIGaAs semiconductorlaser oscillators

[23], and the pioneeringof chirped pulse amplificationfor”uftrashortpulse lasers [21,22].

The use of a synchronouslymodelocked AIGaAs semiconductorlaser oscillatormakes

it possibleto design a very high repetition rate, compact,uttrashortpulse coherent W

source which can generate subpicosecond photoelectronbunches every 4th rf cycle in

the X-band photoinjector,as illustratedin Figure 1. In addition,one of the key features

of hybrid modelockingof external cav”Rysemiconductorlasers is that the ultrashort
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pulse is obligatedto oscillaterigidlyin step withthe externallyapplii rf drive frequency.

This fact arises from the intimate connection between the high contrast, high speed

semiconductorgain dynamics and the ultrashortpulse generationprocess, and results

in an excellentjitter performancewhich is idealfor our application.

The combinationof these new technologiesmakes it possibleto producetrains of 100

or more coherently phased relativisticphotoelectronbunches in a single macropulse.

The repetitionrate of the photoinjectorin burstmode is extremelyhigh: 2.142 GHz. By

comparison with a conventional photoinjector,the luminosityof the output beam is

increased by at least two orders of magnitude. For coherent electromagnetic wave

generation, the total charge accelerated in the multibunch X-band photoinjector is

higherby two orders of magnitude. Because the bunchesare coherentlyphased within

a few femtoseconds, this potentially translates into radiated powers which are four

ordersof magnitudehigherthan that generated by singlebunchdevices.

!1.2X-band rf gun

Exiiting rfguns have been built usingmicrowavepower in the 100 MHz to 3 GHz range

[35-38]. A higher frequency rf gun can deliver lower emittance, tightly bunched

relativisticelectron beams, yet have a much smaller size and have smaller ancillary

supportsystems[39,40]. The micropulsebunch lengthfrom the X-band rf gun, using a

femtosecondlaser to generate the photoelectronpulses,can be made sufficientlyshort

that it can be captured in high gradientacceleratingsectionsworkingup to 50 GHz. The

X-band gun can also supply an ultrashort (subpicosecond),low current, high quality

probe beam needed for testing both plasma [41,42] and vacuum laser acceleration

schemes [4]. Finally, the prebunched beam producedby the photoinjectoris ideal for

coherentsubmillimeter-wavegeneration, includingthe presentchi~ pulse FEL.
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The beam emittance limit obtainable from an ti photocathode gun is due to the

combination of several effeots. Spaoe charge effects are usually dominant while the

beam is nonrelativistic,and most of the emittance inorease occurs near the cathode.

This emittanoe growthterm can be reduced by increasingthe acceleratingfield on and

near the photocathode.At X-band, higher aooeleratinggradients can be achievedthan

those whioh have been employed at S-band or L-band. One oan also reduce the

nonlinear spaoe charge field in suoh a system by controllingthe radial beam profile

through shaping the radial intensityprofile of the laser pulse on the photooathode.The

seoond effeot whii increases the em”~noe is nonlinear external radial forces on the

beam. One oan carefully shape the walis of the ti oavity to obtain the ideal linear

transverse rf feld. This beoomas a dficutt problem if the emitting area is large

compared to the oavity cross seotional area

operating frequenoy for the rf gun at a given

tooismr perlonrunga aetwea anaiyws 01

SUPERFISH and PARMELA, as well as

structure simulator) code. It should also

mls

the

(this essentially limits the choice of the

beam current). We have the necessary

problem ; these indude the IANL codes

Hewlett Packard HFSS (high frequency

be noted that a spurious transverse dipole

moment is introducedby the asymmetrycorrespondingto the side-wall oouplingirises;

thii effeot oannot be compensated for by shaping the oavitywalls. These effects limit

the peak ourrentthat an rf gun oan deliier at a given em”~nce. However, the GHz

repetitionrate laseroonceptallows us to obtain muoh h~her average currentduring the

rf macropulseby fillingevery 4th rf buoketwith a photoelectronbunoh for a trainof 100

W pulses. This considerablyincreasesthe average oumentfrom the ti gun, and makes

it useful for a wider range of applications.

The X-band rf gun is based on a scaled and optimizedversion of a 1-1/2 cell S-band rf

gun [36] operating in the z mode. The rf power is side-wall coupled from the input
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waveguide intothe d gun to excite the z mode; the gun itselfconsistsof two cylindrical

cells coupledthrougha cutoff iris.The x mode configurationis requiredto compensate

for the accelerationtime of the photoelectronbunch in the first half cell. The electric

field of the TMOIOmode is maximal on axis, yieldingthe optimum acceleratinggradient

and radial focusing. The input waveguide is shorted at a multiple of a quarter

wavelength from the apertures to mm”mize the incident rf field on the couplingholes.

Our design was optimized to minimize both the transverse emittance, ~, and axial

energy spread, A7/ y, at the photoinjectoroutp~ while maintainingbalanced rf fields in

the structureto ensure a high qualii beam output The frequency scaling and the

required tuning of the rf cells were modeled using SUPERFISH. The corresponding

resuttsare shownin Figure 2. The top drawing delineatesthe boundary conditionsused

in the code, and shows the structureof the z mode, as excited in the SUPERFISH

simulations.Note that, as the n and Omodes resonantfrequenciesare very close(5.35

MHz difference,see Table 1), particularcare is requiredto propertyexcite the z mode

in the simulations.The rf field balancing is achieved by modeling small field tuners in

the half cell and the full cell. Figure 2 (bottom) shows the axial field profileon-axis,both

in the unbalanced and balanced configurations.A cold test model is currentlyunder

test, and is used to verify SUPERFISH results, includingthe balancing of the rf fields

throughoutthe structure,and to measure the Q-factor of the rf gun (8,600, as predicted

by the code). In addition, the cold test model is used to calibrate and m~.mize the

coupling of the rf into the gun. The bunch dynamics were then optimized using

PARMEIA. For a given set of photoelectronbunch parameters, closely resembling

those exoected to be achieved from the CszTe cathode irradiated by the W laser

system, PARMELA runs were conductedin order to examinethe bunch dynamicsas a

function of various parametem, includingthe rf power coupled into the gun and the
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laser injectionphase angle. In Figure 3,. results obtained for a bunch charge of 0.1 nC,

a temporal width of 0.9 ps (FWHM), and a focal spot radius of 0.67 mm (HWHM) are

given. The optimum injectionphase for this particularset of parameters is 65 degrees,

yielding a normalizedtransverserms emittance of 0.7 z mm-mrad, an outputenergy of

5.7 MeV for 16 MW of rf power dissipated in the gun, and an axial energy spread of

0.25’Yo.The average acceleratinggradient in the structure is 200 MeV/m, with a peak

cathode field of 510 MV/m, below the SLAC breakdown limit,which is evaluatedat 570

MV/m in this case. Note that these excellent results are obtained without using

magneticemittancecompensation.At a charge of 1 nC, the emittance increasesonly to

2.5 x mm-mad.

6ecause our UV photocathodelaser is capable of a repetition rate of 2.142 GHz in

burst mode (one photoelectronbunch every 4th rf cycle, as shown in FQum 1), the

question of beam loading and wakefield effects arises. However, since our cument

design requiresat most 16 MW of drive power out of the 20 MW capabilityof our SIAC

Idystron,we have the optionof slightlydecreasing the cavity C?by overcouplingto help

minimize beam loadingeffects; in addition, the klystronpower can also be modulated

by shapingthe rf drivepulse from the TWTA, to keep the ti gun outputenergy constant

duringthe photoelectronbunchtrain. While we are currentlyinvestigatingbeam loading,

bunch-to-bunchand wakefieldeffects in detail, a simple estimate of the importanceof

beam loading can be obtained by comparing the kinetic energy in the electron beam

and the total rf energy stored in the gun. For a train of one hundred photoelectron

bunches with an individualmicrobunchcharge of 0.1 nC, the total beam energy is 43

mJ at 4.3 MeV. This is to be compared to 3.2 J stored in the cavity, which is readily

calculatedfrom the definitionof Q:

Q+,
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where Q= 8,600,@/ 2YC= 8.568 GHz and P = 20 MW. Here, no energy recoveryduring

the macropulse is assumed. In this case, the recovery time T = 160 ns. However, it

should be noted that when rf power is overcoupledinto the rf gun, the Q value will be

lower and the fill time w“IIdecrease. At the ! nC charge level, for a 50 MW, 11.424 GHz

SIAC klystron[43], the beam energy would represent approximately7 % of the stored

rf energy, for a train of 100 photoelectron bunches. This concept can be further

extended by noting that in a very low Q, high power rf gun, both the beam loading

effects and fill time would become very small ; in fact, a traveling-wave photoinjector

powered by a very high power source (> 100 MW), such as the gyroklystronbeing

developed at the Universityof Maryland [44], might ultimatelyprovide the best answer

to this problem.

To help stabilizethe output phase of the klystron,a portionof the amplifwd rf signalVW

be combined to the drive signal, and the phase difference W-IIbe maintainedconstant

by using a feedback loop that will modulate the input phase to the klystron.Thii phase

stabiliition loop is shown in Figure4. Finally, we wish to underscorethe tict that

device will actually provide a unque opportunityto carefully study and address

issues of beam loading and bunch-to-bunch effects, includingwakefields, which

especiallyrelevantfor the NLC.

The rf photocathode Iinac used to accelerate the photoelectrons produced by

our

the

are

the

AIGaAS/TiYN20, laser system is energized by a 20 MW X-band (8.568 GHz) SLAC

klystron. A master oscillator both drives the synchronously modelocked A&As

semiconductorlaser oscillator,and the rf system. A seti of frequency doublersand

high-pass filters produce the desired 8.568 GHz drive frequency for the X-band

klystron.A 1 kW X-band lWT amplifier yields adequate power to drive the klystron

“-If; a precisionphase shifter is then used to obtain the final synchronizationbetween
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the d and the UV laser pulses. The klystron is energized by a HV (350 kV, 2 I.@ PFN

type modulator, using a hydrogenthyratronswitch.

It should be noted here that for high gradient injectors, the use of a high quantum

efficiencyphotocathodeis extremelyimportant.A copper cathode requires47 jLJat 266

nm and 104 quantum efficiencyto produce 1 nC of charge. For a focal spot radius of 1

mm, which is required to limit the nonlinear radial field to a minimum and presewe a

reasonable transverse em”bnce, this translates into a fluence of 1.5 mJ/cm2, fairly

close to the maximum allowable UV fluence on Copper. This is further compoundedby

the presence of an extremelystrongti field in the gun (> 200 MWm), which can induce

a large dark current if the cathode is not conditionedproperly; this da~ curre~ in turn,

can triggeravalanche breakdownin the gun. Diffractionfringes,due to imperfectspatial

filtering,can also sufficientlyincreasethe local fluence to damage the cathode and the

gun. In contrast, the use of a high quantum efficiency material both eliminates the

fluence problem, and considerably reduces the laser energy required. The relaxed

requirements on laser performance yield a simpler, more reliable, and more stable

laser. The resultingsystem allows the use of a GHz repetition rate UV laser system

that can producetrains of highqualityphotoelectronbunches,with a total chargethat is

ordersof magnitude h~her than thatdeliiered by a single bunch rf gun.

11.3Photocathode laser system

The overall laser system is illustratedin Fqure 5. The IR pulses (830 nm) at the output

of the oscillatoram chirped (250 fs equivalent bandwidth),with a 1 ps duration,and an

energy of 100 pJ. They are further chirped by a single gratingllens stretcher, and

modulated by a LiNbO~(LithiumNiobate) fiber switchto compensate for gain depletion

and upper state decay (- 3 w for TiYU20~. An 8-pass Tk~O~ chirped pulse ampliier,
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with a gain of 60-70 dB (57 dB already demonstrated) brings the pulse energyto 100

@. The pulses are then recompressed by a single grating/lens optics and frequency

quadrupled to 208 nm by two BBO nonlinear crystals. The resulting train of one

hundred, 250 fsduration, 10 pJ UV pulses is then used to irradiate the Cs2Te

photocathodeand producecoherently phased photoelectronbunches whichare rapidly

accelerated to 5 MeV inthe high gradient photoinjector.

11.3.AGHz semiconductor laser oscillator

Recently, there have been dramatic improvementsin the development of externalcavity

high power, modelocked[24,25] semiconductorlaser systems that offer the improved

performance and more compact size that we require.A synchronouslydriven,multiple

quantum well (MQW) saturable absorber modelockedAlGaAs oscillatorand amplifier

system has produced210 fs duration pulses (after compression)with 11 mW usable

average power (165 W peak power) with only a few watts of electrical inputpower[23].

The integrationof such a compact solid state laser oscillatorinto the rf photoinjectoris

padicularlyattractivefor the following two reasons. First, this oscillatoroperatesin the

800-900 nm wavelengthrange, and can therefore be readily used to drivethe TiAl,O~

multipassamplifier.The other outstandingfeature of this laser system is the fact that it

is modelocked to an external clock with an extremely low jitter, and can thetiore be

synchronizedto the ti gun with unprecedented accuracy.Relative timingjitter of -400

b rms over a measurement interval of fOO seconds has been inferred from direct

measurements of the line width of the 41st harmonicof the rf power spectrumof the

periodic pulse train [23] from a 450 ps pulse width version of this laser. This result is

typical of similarmeasurementsobtained from other modelocked semiconductorlasers

[26,271 and will ensure the production of periodic electron bunches that are highly

coherent at the rf gun frequency.This number translatesto an - 10“2fs Calwlatedj-tier
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over the 50 ns UV pulse train (well below any measurable value !). The phase stability

of an activelymodelocked semiconductorlaser is vastly superior in large pati because

of the stability of direct electrical pumping in a pn junction. Low noise, high stability

electricalsignals (both dc and rf) are used along with saturable absorbersto modelock

semiconductor lasers. The direct connection between electrical injection and optical

gain in a semiconductor laser results in very low jitter during externally mode-locked

operation. In addition to the very low jitter, this laser offers at least four additional

benefits (1) high energy efficiency, (2) compactness, (3) potentiallyenhanced ease of

operationon a day-today basis, and (4) very low operating costs.

The osallator is shown in Figure 6. An AIGaAs/GaAs semiconductordiode amplifier

providesgain for an external optical resonator. The diode is anti-reflectioncoated to

suppressoscillationsfrom facet reflections.The diode is dc biased just below threshold

and a high spectral purity d dWe is superposedwith a bias insertiontee. The resulting

precisegain switchingprovidesjitter free productionof synchronizedoptical pulses. A

stagger tuned stack of quantum well material is anti-reflection coated, lifted off its

substrateand afixed to the high reflectionmirrorat the other end of the resonator.The

multiplequantum well (MQW) structureconsistsof alternating layers of AIGaAs (1O nm

thick, doped with 30% Al) and GaAs (7 nm thick). The MQW used in the laser system

described here has 100 layer pairs. The stagger tuning yields a broadband absorber
,.

necessary to support pulses as short as 100 to 200 fs. A dose of 200 keV protons

serves to partially damage the quantum well material, thereby decreasing the camier

Iiietimeso that the absorptionrecoveryis very rapid to ensure good pulse shorteningby

the absorber. Lenses couple the beam into the guiding region in the diode and onto the

absorber. The four prism arrangement serves to control the spectrum and introduce

moderategroupvelocitydispersioncompensation.
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Figure 7 (top) shows the light-current characteristicof the AlGaAs laser diode used in

these experiments, both with and without an external cavity. Lasing in the external

cavity is demonstrated by the lower threshold ourrentobserved. The optical bandwidth

of the diode is shown in Figure 7 (bottom). Lasing is observed between 820 nm and

835 nm, with a maximum at 830 nm. This cuwe is obtained by replacingthe external

oavityminor by a grating, thus allm”ng for selectivewavelength feedback; it indicates

that the optical bandwidth is sufficientto support pulses as short as 100 fs. The diode

has also successfullybeen fullymodulated at 2.142 GHz, with a few mW of rf power;

the corresponding modelocked pulses are 20 ps long, without the MQW saturable

absorber. Shorterpulses, obtainedwith the MQW, will be amplified by the 8-pass laser.

There are two main researchthrustsin the associatedsemiconductorlaser effort.Fimt,

we have designed a oompa~ low mat, subpi“coseoond,ultralowjitter laser source for

advanced photoinjectorappfiitions. Seoondly, we are investigating,both theoretically

and experimentally,the dynamiosof the modelockedsemiconductorlaser. The goal of

this research is to improve our understanding of this laser’s operation so that its

performance can be further optimized. It is worth noting here that while this laser has

already been demonstrated,its mode of operation is quite surprisingand by no means

completely understood.In particular,the laser cannot generate a 250 fs pulse directly

beoause of an ultrafastgain depletionmeohanismthat arises for pulses below 1 ps in

duration. This gain depletion owes to a rapid oarrierheating [28] dynamic. Essentially,

the laser cannot produce short pulses (even though there is ample optical bandwidth)

because the gain disappearsas the pulse shortens. However, the combinedaction of

the MQW saturable absorber and prisms results in the generation of very broadband,

long (-5 W) /inearfychirpedpulsesthat are easily compressed.Beoause the pulsesare

long, gain is sufficient,and becausethey are chirped,the full optical bandwidthis used.
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Figure 7 (top) shows the Iiiht-ourrent characteristicof the AIGaAs laser diode used in

these experiments, both with and without an external cavity. Lasing in the external

oavityis demonstratedby the lower threshold currentobserved. The opticalbandw”dth

of the diode is shown in F@ure7 (bottom). Lasing is observed between 820 nm and

835 nm, with a m=”mum at 830 nm. This cuwe is obtained by replacing the external

oavitymirrorby a grating, thus allowingfor selectivewavelength feedback; it indicates

that the optical bandwidth is sufficientto support pulses as short as 100 fs. The diode

has also successfullybeen fully modulated at 2.142 GHz, with a few mW of rf power;

the corresponding modelocked pulses are 20 pa long, without the MQW saturable

absorber.Shorterpulses,obtainedwith the MQW, W-IIbe amplified by the 8-pass laser.

There are two main reseamh thrustsin the associatedsemiconductorlaser effort. First,

we have designed a compa@ low o@, subpicoseoond,ultralowjitter laser sourcefor

advanoed photoinjectorapplications.Secondly, we are investigating,both theoretically

and experimentally,the dynamicsof the modelookedsemioonduotorlaser. The goal of

this research is to improve our understanding of this laser’s operation so that its

performance can be fwther optimized. It is worth nti”ng here that while this laser has

already been demonstrated,its mode of operation is quite suqwisingand by no means

completely understood. In particular,the laser oannot generate a 250 fs pulse direotly

because of an ultrafastgain depletionmeohanismthat arises for pulses below 1 ps in

duration. This gain depletion owes to a rapid carrierheating [28] dynamic. Essentially,

the laser cannot produce short pulses (even though there is ample optical bandwidth)

because the gain disappearsas the pulse shortens. However, the combined action of

the MQW saturable absorber and prisms results in the generation of very broadband,

long (-5 ps) /lneaffy chhped pulsesthat are easily compressed.Because the pulsesare

long, gain is sufficient,and becausethey are chirped,the full optical bandwidthis used.
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the train are of lower intensitythan the later ones. This compensationis achievedusing

a commerciallyavailable integratedoptical modulator. The input pulse train is coupled

into an integrated LiNbO~Mach-Zender device via single mode fiber pigtails,and the

intensityis modulated by a 5 V signal, with a bandwidthof 5 GHz. In this manner, two

importantgoals are achieved simultaneously.The signal is modulated with a fast, low

voltage feed-forward loop, and is also spatially filtered by the single mode fiber. In

addition, the UV quadruple output pulses can be sampled and compared to a

reference signal to activate an additional fast, low voltage feedback loop guaranteeing

an extremelystable outputpulsetrain.

Our experimental resultsto date includethe successfuloperationof the 8-passTiA120~

ampliier at 825 nm, with an inputenergy per pulse of 2 pJ and a peak outputenergy

per pulse of 1 pJ yielding57 dB of gain. In this case, the input pulse train is produced

by a 77 MHz modelockedTi:Sapphireoscillator runningCW, and is fed intothe 8-pass

amplifter after stretching to 500 ps. Higher gain can be achieved by increasingthe

intensity of the Nd:YAG pump laser, but because the input energy is low, amplified

spontaneousemission (ASE) becomes problematic. However, this is not antiapated to

be a problemfor the GHz AlGaAs oscillatorbecause the inputenergy is higher(10-100

pJ), and most of the pulse train will have been ampltied before the onset of ASE

because of the much higheroscillatorfrequency.



Ill. FEL design parameters

Numerical calculations confirm the unique temporal and spectral characteristics

theoreticallydescribed in references [1-3]. A 5 MeV, 1.4 nC, lps photoelectronbunch is

considered. These characteristicscorrespond to those of bunches produced by the

X-band photoinjectordescribed in Sec. Il. The frequency of the device is chosen to

cover the 1.5-3 mm wavelength range in a single pulse. At these frequencies,

applications to chirped pulse millimeter-wave radars [16], and fusion plasma

refiectometrycan be readily considered. The grazing frequency is thus adjustedto 175

GHz for an 8.5 kG amplitude, 30 mm period w“gglerfield. The w“ggleris only 10 periods

long, making the device extremely compact ; also this shod wiggler length makes the

8.5 kG wiggler amplitude readily feasible. The operating mode is the TEIZ cylindrical

waveguide mode, with a cutoff frequency of 40 GHz, correspondingto a waveguide

radiusof 6.3 mm. For this mode, the optimumeffectivebunch radius is given by

~4=+a=36mm
X12 “ “

For convenience,the experimental parameters are listed on Table 2. The main results

are the follow”ng.The interad”on band~-dth at the FEL outputextends from 125 GHz to

225 GHz, as shown in Figure 8. The time-dependent electric field at the FEL output is

shown in Fg.ire 9 ; the output radiation pulse is clearlychitped over the full interaction

bandwidth,and only a few cycles long. Finally, the output power level is high (2.2 MW),

and the pulse is extremely short (15 ps FWHM), as illustrated in FQure 10. Longer

interaction regions w.11yield higher output powers (quadratic scaling), but narrower

bandwidths(inverse linear scaling). At zero slippage (g-”ng), the pulse duration, AT,

can be estimated by taking into account the interactionbandwidth, A@,and the group

velocitydispersionin the waveguide.
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We have

Atgrazing, &@*)= ~lz, and we find

For the parameters given above, at grazing, Ao)= 75 G1-lz,and we find A%-24 ps,

which is of the same order as the 15 ps FWHM obtained numerically.

Computer simulations indicate that shotier wavelength pulses in the 1-3 THz region

are possibleat power levels in the 100 kW -1 MW range. This is due to the coherence

factor in the equation governing the evolution of the vector potential. To maintain

coherence, and therefore highpower radiation, the bunchJengthmust be approximately

a quarter wavelength long. At 1 THz, this implies a photoelectronbunch duration of a

few hundredfemtoseconds.

In addition, we are currentlyinvestigatingthe possibilii of further reducing the output

pulse duration of the device by using a locally nondispersive structure such as a

dielectric-loadedwaveguide or a corrugated waveguide. In thii structure,the grazing

condition where the bunch axial velocity matohes the group velooity of the

electromagneticwave (no slippage) can be satisfied at a point where group velocity

dispersionis zero (the so-called“infleotionwpointon the dispersioncharacteristicsof the

waveguide).The final outputpulseduration is then no longerdeterminedby slippage, or

by group velocitydispersionand bandwidth (grazing operationin a metallii waveguide,

yieldingchirpedpulses), but by hgher-order dispersiveeffeotsyieldingtransfomwlimited

pulses.



IV. RF gun phase noise and jitter measurements

Low laser and rf phase noise and jitter are essential to the operation of advanced

photoinjectors,which have numerous applicationsrangingfrom laser acceleration,and

biomedical applications, such as focused X-ray sources, to the chirped pulse

free-electron lasers for ultraw”debandradars described in the previous -“on. In a

photoinjector, photoelectronsare produced by a laser and accelerated in a high Q rf

structure supporting a TM mode, as shown schematically in FUUE 1. The

synchronization between the laser and rf components is clearly of paramount

importancefor the optimizationof the overall system petionnance. For example, for the

LLNIJUC Davis X-band photoinjectordescribed in this Report, and which operatesat

three times the SIAC frequency (8.588 GHz), a degree of rf phase corresponds

approximatelyto 325 fs.

In this section, we first present experimental measurements of the phase noise of

different components, including the Ttianium:Sapphire laser oscillator and a 2 kW

X-band traveling-waveampliier (TINT). We then demonstratethe filteringel%ct of the

huh Q rf gun. This new result is very important,as it indicatesthat highlyefficient,but

relativelynoisy rf sources,such as a magnetron or a cross-fieldampliir (CFA), could

be used to drive a high gradient photoinjector. In addition, the highly phase stable rf

fieids excited in the rf gun can be used as a master oscillatorfor the entire system: in

thisway, the laser pulsescan now be directlysynchronizedto the acceleti”ng fields in

the photoinjector.

The specific experimental setup used to perform the phase noise measurements

described in this section is shown in Figure 11. The main components of the

experiment include a 20 fs (see the optical spectrum shown in Figure 12)
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self-modelockedTitanium:Sapphire operating at the 108th subharmonicof the X-band

ti gun, a phase-locked dielectric resonance oscillator (DRO) used to produce the “

X-band signal from the low frequency rf generated by the laser, a 2 kW TWT amplifier

operatingin 6 p pulses at 2 Hz repetitionrate, and the high Q X-band rf gun designed

using SUPERFISH, PARMEIA and HFSS (see Sec. 11.2),and used for cold test

purposes.

Af&era briefdescriptionof each of the componentsmentionedabove, the experimental

phase noise measurement setup w“II be presented, and the results obtained for the

laseroscillator,W amplifier, and rf gun w“llbe discussed.

We have measured experimentally the phase stabilityof the following components :

seff-modelockedlaser and DRO, lWT, and rf gun. The phase noise characteristicsof

the rf signal generated by filtering out the pulse train produced by a fast (50 ps)

photodiodemonitoringthe Ti:A120~oscillatoroutput,, have been evaluated by using a

spectrum analyzer. A typical spectrum is shown in FQure 13, where the sampling

parameterswere: 10 dB/div, 10 MHz/div. The main sourceof phase noisecorresponds

to slow thermal drifts, and for the short time intervals of interest for the TWT and

klystronoperation(of the order of a few ps), the Ti:AlzO~oscillatorappears to be quite

stable.Anotherindicationof the timingjitter due to the Ti”AlzO~laser is g“mnby using a

frequencycounter, which shows a drift of a few Hz accumulatedover a few seconds.

This low frequency signal at the 108th subharmonicof the X-band rf system is then

used to phaselockthe X-band DRO. The phase noise characteristicsof the DRO, as

specifiedby the manufacturer, are very good. Our experimental measurementsshow

no degradationof the rf signal due to the DRO. In addition, the DRO tuningrange is

sufficientto operate between 8.500 GHz and 8.530 GHz, and we were able to run the

Wand scanthe rf gun resonanceby tuningthe laseroscillatorrepetitionrate.Typical
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reflectionsignals at resonanceand away from resonance are shown in Figure 14. The

exponential rise and decay correspond to the relativelyhigh impedance of our crystal

detectors (approximately6 I@ ; however, the relatively long pulse operation of the

TWT (5 W, 2 kW at saturation)is quite sufficientto obtain accurate rf power readings.

Figure 15 (top) shows the power reflected off the rf gun as a function of frequency,

cJearlyindicatinga resonantfrequency of 8.5135 GHz, and a Q of 1,426, in reasonable

agreement with our cold test results of 2,300 obtained at critical coupling. Figure 15

(bottom) correspondsto the rf power coupled into the gun, as measured with a small

pickupprobe (-35 dB coupling)located in the half-cellwall. The complementarilyof the

two tuningcurvesis excellent.

The phase noise of the W is measured by attenuatingthe TWT output signal and

mixingit with the inputrf drive. If the microwavetube imposeda constantphase shift on

the amplified signal, a dc signal would result at the mixer output. The experimental

result, shown in Figure 16 (top), clearly indicatesthat the TWT generates some phase

noise over the 5.5 w pulse duration. The initial overshoot corresponds to the tube

‘startup”, but high frequency noise is generated throughoutthe tf pulse. Most of the

noise is generated by electron beam fluctuations, which, in turn, correspond to the

imperfectmatchingof the HV grid driver supply to the tube. Next, we have performed

the same experiment, but instead of characterizing the M output signal, we have

studied the rf fields excited in the X-band gun, at critical coupling. The phase

characteristicsof these fields is of paramount importance,since the accelerationof the

photoelectronsis directly accomplishedthrough their interactionw“ti the fundamental

TMOIOx-mode in the structure.The result is shown in FQure 16 (bottom), and clearly

demonstratesthe fitteringeffect of the high Q rf gun. Indeed, the mixer signal shows

that the drive signal produced by the DRO and the resonant fields in the rf gun differ



only by a constant phase. Knowledge of that constant phase shti, as given by the

amplitude of the mixed signal, oan then be used to compensate for any shot-to-shot

variation, by applying the adequate optioal delay to the main UV laser pulse, thus

ensuringthe productionof a shortphotodeotronbunch at the optimuminjectionphase.
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V. Conclusions

The focus of the work presented in this Repoti is the design of a chirped pulse FEM,

and the development and preliminarytesting of the components of a high luminosity

multibunch X-band photoinjector. This application of photoinjector technology is

particularlyinterestingbecause the ultrashortpulses of coherent synchrotronsradiation

generated in the FEL structurehave numerous potentialuses, rangingfrom surfaceand

sofii state physics, photophysics and photochemistry to advanced radars and

communications.This type of radiative process becomes quite efficient if the electron

bunch length is shorter than the electromagneticradiationwavelength. This is the case

for millimeter-waveradiationgenerated by the relativisticsubpicosecondphotoelectron

bunches produced by the X-band photoinjector.The design and experimental results

concerning the photoinjector are summarized first, while theoretical conclusions

concerningthe chirpedpulse FEL are drawn in the last part of this section.

The photoinjectorMM use a high quantum efficiency (-5%) Cs2Te photocathodeto

produce high charge (> 1 nC), relativistic(5 MeV), ultrashort(< 1 ps) electronbunches

at 2.142 GHz repetitionrate in burst mode (1 photoelectronbunch evety 4th rf cycie).

These bunches will then be transversely

produce high power, chirped pulses

photocathode laser system couples a

accelerated by a wiggler in a waveguide to

of coherent synchrotrons radiation. The

2.142 GHz repetition rate synchronously

modebcked AIGaAs semiconductorlaser oscillatorto a I@ gain 8-pass Ti~O~ laser

ampliir pumped by a frequencydoubled Q-switched Nd:YAG laser. The cment

experimentalstatus of the laser systemis the following.The 8-pass ampliir has been

successfullyoperated at 825 nm and 77 MHz repetitionrate with a measured gain of 57

dB, and both the stretcher and compressor have operated at subpicosecondpulse

widths. Lasingof the AIGaAs oscillatorhas been achieved in an external cavity,and full
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intensitymodulationat 2.142 GHz was obtainedwith a few mW of rf power. In addition,

the tuning cuwe has been measured, and indicates that there is ample optical

bandwidthto supportpulses as short as 100 fs. Future work on the lasersysteminclude

the coupling of the oscillatorto the amplifier through the LiNbO~fiber modulator, and

frequency quadruplingto 208 nm with the BBO crystals.The main resultsof the rf gun

design studies indicatethat a normalized transverseemittance of ~ = 0.75 n mm-mrad

and axial energy spread of 0.25% are possibleat 0.1 nC charge, while 2.5 x mm-mrad

is obtained at 1 nC. The average acceleratinggradient is 200 MeV/m, with 16 MW of rf

power dissipated,and a beam energy of 5.7 MeV.

The coherent synchrotronsradiation process in a cylindricalwaveguidewas then studied

theoretically in detail. The spectral radiation characteristics of an axially extended

(finite-size) accelerated charge distributionpropagatingon fixed trajectoriesthrough a

helical wiggler magneticfield have been derived. If the charge distributionscale length

is shoti compared to the radiation wavelength, the electron bunch is shown to

essentiallybehave as an accelerated pointcharge, and coherentlyradiatespontaneous

synchrotronsradiation (coherent spontaneous free-electron laser emission). The

transition between the usual inmherent spontaneous radiation and the coherent

synchrotronsradiationlimit is governed by the exponentialcoherence factor.

[n the cylindricalwaveguide configuration,

possible. In the grazing limit, where

electromagneticwave group velocity, the

two very different radiation processes are

the axial bunch velocity matches the

single output radiation pulse is extremely

short, and chirped over the full interaction bandwidth. The output pulse duration at

grazing is determinedby the interactionbandwidthand by the group velocityd~persion

in the waveguide. By contrast, in the free-space limit,

negligible, the widths of the two output radiationpulses

where waveguide effects are

are essentiallydetermined by
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the slippage between the bunch and the Doppler upshifted and downshifted waves

through the wiggler. In addition, at grazing, one finds that the radiation power level is

considerably higher than that expected from the conventional coherent synchrotrons

radiationprocess [2].This theoretical derivation yields the expected power and spectral

characteristicsof the coherent synchrotronsradiation for an ultrashortpulse prebunched

125-225 GHz FEL experiment, driven by the 5 MeV X-band rf photoinjector,and using

a novel 250 fs duration, 208 nm wavelength, 10 pJ, 2.142 GHz repetition rate hybrid

AlG#WllA120~ photocathodelaser system. The device will operate with an 8.5 kG, 30

mm-pefiod helical wiggler in the TEIZ cylindricalwaveguide mode. The cutofffrequency

of this mode VW be adjusted to 40 GHz, to obtain grazing interaction.The output pulse

duration of the coherent synchrotronsradiation in this case is 15 ps FWHM, with a peak

power of 2.2 MW for a bunch charge of 1.4 nC. Because of possible resonantradiation

feedback (superradiant FEL amplification)at gra-ng, the actual output power of the

experiment is expected to be higher.

Finally, we have also conducted preliminarytests of the SLAC X-band klystron,and

obtained 11 MW of power, for 2.5 w duration(27.5 J), at a frequencyof 8.558175 GHz,

for an input power of 1 kW. The tube was energized by a beam of 300 kV and 135A,

and operated at a macropulserepetitionrate of 1 Hz. The measured Idys@n bandwidth

is shown in Figure 17.
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Figure Captions

Fig. 1 MultibunchX-band photoinjector: basic principle.

Fig. 2 Top: z mode in rf gun. Bottom: z mode axial electric field on-axis,as a function

of positionfor both unbalancedand balanced cases.

Fig. 3 T’OP : normalized transverse emittance in units of z mm-mrad, and axial

emittance in degrees/kV, as functions of the injection phase. Bottom : outputenergy

and axial energy spread Ay/ y, as functions of the injection phase. The simulation

parametersare describedin the text.

Fig. 4 Schematicof the overall phase controlsystemfor rf and laser synchronization.

Fig. 5 Photocathodelasersystem: overallexperimentalsetup.

Fig. 6 Schematicof the AIGaAs synchronouslymodelockedoscillator.

Fig. 7 Top: lightversuscurrentdiode characteristic,with and withoutan externalcavity.

Bottom: tuningcuwe of the laser diode.

Fig. 8 Chirped pulseFEL instantaneousbandwidth.

Fig. 9 Time-dependentelectricfield at the chkped pulse FEL output.

Fig. 10 Power as a functionof time at the chirpedpulse FEL output.

Fig. 11 Experimentalsetupfor phase noise measurements.

Fig. 12 Opticalspectrumof the Tiianium: Sapphire laser oscillator.

Fig. 1380 MHz Ttianium:Sapphirephase noisespectrum.

Fig. 14 WA power reflected by the d gun at the resonant frequency, and

mismatched.

Fig. 15 Top : TWTA power reflected by the rf gun as a function of frequency.Bottom:

HA power coupledintothe rf gun as a functionof frequency.

Fig. 16 Top: TWTA phase noise. Bottom: phase noisefiltered by the high Q rfgun.

Fig. 17 Measured klystronbandwidth(peak power: 11 MVV).
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Table 1: X-Band rf Gun Design Parameters

z-Mode Frequency 8548.01 MHz BunchDuration 0.9 ps (FWHM)

O-Mode Frequency 8542.66 MHz Number of Padicles 2,000

Cathode Gradient 382.88 MV/m InjectionPhase 65.0 degrees

Peak Surface Field 510 MWm BunchCharge 0.1 nC

BreakdownField 570.1 MV/m Output Energy 5.7 MeV

Ohmic Q 8,600 S. (m 0.7 n mm-rnrad

Shunt Impedance 101.225 MW/m q“ (90%) 3.0 n mm-rnrad

Average Gradient 200.0 MV/m ~,” (rms) o.7x mm-rnrad

RF Power 16.0 MW ~ ,“ (90%) 3.24 n mm-mad
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Table 2: Chirped Pulse FEL Design Parameters

BunchEnergy 5 MeV

BunChWidth 1.4 ps (FWHM)

BunchCharge 1.4 nC

Wiggler Amplitude 8.5 kG

VMgglerPeriod 30 mm

Numberof Periods 10

Waveguide Mode TE12

CutoffFrequency 40 GHz

Grazing Frequency 175 GHz

InstantaneousBandwidth 125-225 GHz

Peak Output Power 2.2 MW

Output Pulse Duration 15 ps (FWHM)
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Fig. 3
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Fig. 7
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